A major goal of synthetic biology is to reprogram bacteria to carry out complex tasks, such as synthesizing and delivering drugs, and seeking and destroying environmental pollutants. Advances in molecular biology and bacterial genetics have made it straightforward to modify, insert, or delete genes in many bacterial strains, and advances in gene synthesis have opened the door to replacing entire genomes. However, rewriting the underlying genetic code is only part of the challenge of reprogramming cellular behavior. A remaining challenge is to control how and when the modified genes are expressed. Several recent studies have highlighted how synthetic riboswitches, which are RNA sequences that undergo a ligand-induced conformational change to alter gene expression, can be used to reprogram how bacteria respond to small molecules.
Introduction
One of the main goals of synthetic biology is to reprogram organisms to autonomously perform complex tasks. The revolution in genetics has provided the sequences of vast numbers of genes that carry out myriad functions, and many groups are beginning to view these gene sequences as snippets of code or "parts" that may be combined in new ways to reprogram how organisms behave. [1] Just as computer programs use conditional statements to determine if and when a command is executed, cells often apply conditional logic to determine whether particular genes are expressed. A classic example of conditional logic in E. coli involves the lac repressor protein, which induces expression of lactose-metabolizing genes in the lac operon only when lactose derivatives such as allolactose or IPTG are present. [2] Because of its simplicity, the lac repressor is one of the most commonly used ligand-inducible expression systems. However, for many applications in metabolic engineering and synthetic biology, it is desirable to have inducible expression systems that respond to specific small molecules in the engineered system, rather than an unrelated molecule such as IPTG. Such designer genetic control elements would allow the expression of genes in engineered metabolic pathways to be precisely choreographed to specific metabolite levels to minimize waste and improve yields, and would enable complex genetic programs to be executed at the desired time and place. Several groups have now put a new twist on a potentially ancient genetic regulatory system to create synthetic riboswitches that control gene expression in response to new ligands. Here we will describe how riboswitches function in bacteria, why synthetic riboswitches represent an attractive tool to control gene expression in bacteria, and some recent applications of synthetic riboswitches to reprogram cellular behavior. Our review will focus primarily on using small molecules and RNA to control gene expression in bacteria-an excellent review covering RNA-based synthetic biology with an emphasis on eukaryotic expression systems has appeared recently. [3] 
Holes without Keys -How RNAs and Small Molecules Control Gene Expression in Prokaryotes
Throughout the 1990s, studies of the metabolic pathways for coenzyme B 12 (AdoCbl) [4] [5] [6] , methionine [7] , and thiamine [8] in prokaryotes revealed a variety of conserved elements within the untranslated regions of various genes. Each of these elements, known as the B 12 box [4] [5] [6] , the S box [7] , and the thi-box [8] , shared two things in common. First, each element was important for the metabolite-dependent regulation of nearby genes. Second, each element was predicted to have two well-defined RNA secondary structures that could influence gene expression either transcriptionally by forming a terminator sequence, or post-transcriptionally by sequestering a potential ribosome binding site. While several groups postulated that metabolites might interact with the RNA to directly influence gene expression, it was difficult to rule out the presence of an additional "regulatory factor", such as a protein, that could mediate the ligand-dependent changes in gene expression. [5, 6, 8] This situation changed when Breaker and coworkers reported that small molecules such as thiamine [9] and coenzyme B 12 [10] could interact directly with mRNAs to control gene expression without the need for additional protein cofactors. The discovery that RNA switches, or riboswitches, could control gene expression launched a flurry of studies to determine how widely this mechanism is used in living systems. Since several reviews of riboswitches have appeared recently [11] [12] [13] [14] , we will focus on the common sensing mechanisms that may be engineered to control gene expression in bacteria.
Riboswitch Architecture and Mechanisms of Action
Riboswitches are typically comprised of two domains, an aptamer domain that recognizes the ligand, and an expression platform that couples ligand binding to a change in gene expression. Natural riboswitches recognize many different classes of compounds ( Figure 1 ) that range from elaborately structured cofactors such as coenzyme B 12 [10, 15] and flavin mononucleotide (FMN) [16] , to simpler structures such as purines (adenine [17] and guanine [18, 19] ) and amino acids (glycine [20] and lysine [21, 22] ), down to one of the simplest structures, the Mg 2+ ion [23, 24] . In addition to binding their cognate ligands tightly, natural aptamers often distinguish between closely related structures, such as S-adenosylmethionine (SAM) and Sadenosylhomocysteine (SAH), which differ by only a methyl group [25, 26] , and thiamine pyrophosphate and thiamine monophosphate, which differ by a single phosphate group [9, [27] [28] [29] [30] . This discriminatory power of aptamers allows riboswitches to differentiate between reactants and products along metabolic pathways (e.g. SAM and SAH) and may be particularly useful in creating synthetic riboswitches that can detect the products of biocatalytic reactions in vivo.
For a riboswitch to function, ligand binding must be coupled to some change in cell behavior. Riboswitches use a variety of different mechanisms to enhance or repress gene expression at either the transcriptional-or post-transcriptional level ( Figure 2 ). One of the simplest posttranscriptional mechanisms operates at the level of mRNA translation. In most riboswitches that act at the translational level, ligand binding causes the mRNA to undergo a conformational shift that sequesters the ribosome-binding site (RBS), which represses translation of the downstream gene ( Figure 2A ). Although natural riboswitches typically repress, rather than activate translation, this is likely the result of evolutionary pressure to down-regulate the expression of metabolic genes when ligands are plentiful, rather than any limitation on the mechanism. As we'll see, synthetic riboswitches often control gene expression by activating protein translation.
In addition to controlling translation, riboswitches can also control transcription ( Figure 2B ). This typically occurs when a ligand binds to an elongating mRNA during transcription and causes either the formation of a terminator structure that stops transcription, or the disruption of a terminator structure, which allows transcription to continue. In the FMN, SAM, and guanine riboswitches, ligand binding shifts the conformation from a structure that presents an anti-terminator to one that displays an intrinsic transcriptional terminator, thus repressing the expression of the downstream genes in the presence of the ligand. Interestingly, the adenine riboswitch, which has a structure very similar to the guanine riboswitch, activates transcription upon binding adenine. 1 [17, 18, 31] That two similar aptamers can act to either activate or repress transcription highlights the independence of the aptamer and the expression platform and underscores the flexibility of the riboswitch architecture.
More recently, riboswitches that act through more complex mechanisms have been reported. [20, 32, 33] For example, the glmS riboswitch functions as a ligand-inducible ribozyme that controls gene expression in Gram-positive bacteria. [33] The glmS mRNA encodes the enzyme glutamine-fructose-6-phosphate amidotransferase, which catalyzes the synthesis of glucosamine-6-phosphate (GlcN6P). When concentrations of GlcN6P are low, the glmS mRNA is translated normally, which increases the production of GlcN6P. When the concentration of GlcN6P rises above a certain threshold, GlcN6P binds to the glmS mRNA and initiates a self-cleavage reaction that reduces gene expression, presumably by rendering the mRNA more sensitive to intracellular proteases ( Figure 2C ). [33] Despite being one of the larger riboswitches, glmS is well-characterized structurally in both the presence and absence of ligand. [34] [35] [36] [37] [38] [39] [40] These studies revealed that unlike many riboswitches, which undergo extensive conformational changes upon ligand binding, the glmS ribozyme does not change its structure significantly upon ligand binding. Rather, the ligand appears to function as a cofactor that increases the cleavage rate by ~100,000-fold. [33, 34, 38, 39] The glycine riboswitch provides another example of how riboswitches can perform more complex functions. [20] The glycine riboswitch controls the transcription of the gcvT operon, which encodes a glycine cleavage pathway in B. subtilis. When glycine is scarce, this pathway is repressed. When glycine is abundant, the operon is transcribed, leading to glycine cleavage. Unlike most riboswitches, the glycine riboswitch employs not one, but two aptamers, which bind glycine cooperatively to activate gene expression over a narrow concentration range ( Figure 2D ). The cooperative nature of ligand binding allows the glycine riboswitch to produce a more 'digital' response [20] , rather than a graded 'analog' response to the ligand concentration, demonstrating that riboswitches may be finely tuned for specific applications.
The metE (SAM-AdoCbl) riboswitch from B. clausii also takes advantage of two aptamers, but unlike the glycine riboswitch, each aptamer recognizes a different ligand. [32] The first aptamer is capable of binding S-adenosylmethionine, while the second can bind adenosylcobalamin. Each aptamer resides upstream of an intrinsic transcriptional terminator, and each can independently repress transcription of the downstream metE gene in the presence of its cognate ligand. One possible explanation for the existence of this dual aptamer system is that B. clausii has two different enzymes that catalyze the conversion of homocysteine to methionine (metE and metH), and a third enzyme (metK) that converts methionine to SAM. [32] While all of these genes contain a SAM riboswitch that represses their transcription when SAM is abundant, metE also contains an AdoCbl riboswitch that represses transcription when AdoCbl is abundant. This transfers the burden of methionine production to metH, which uses the AdoCbl derivative methylcobalamin as a cofactor to produce methionine more efficiently than metE. Formally, the metE riboswitch acts as a 'NOR' logic gate, in which either of two inputs can produce the same output, in this case, repression of transcription. [32] The ability to implement elements of Boolean logic at the molecular scale not only has important implications for the regulation of cell metabolism, but also for creating designer control elements to reprogram cell behavior.
Taken together, these systems show that Nature has evolved a variety of sensing mechanisms that provide the underpinnings of conditional logic to control how cells function. By combining these motifs and principles with well-established in vitro selection methods, the stage is set to develop designer genetic control elements that will allow us to reprogram cell metabolism and behavior.
Applied Studies Revealed Hints to How Riboswitches Might Function, and How they Might be Reengineered
The discovery of how living systems employ the riboswitch control mechanism was, in many ways, a great surprise and undoubtedly, there are many more surprises to come. However, many key aspects of how riboswitches might function had already been established using synthetic systems. The clearest example was the discovery that, starting from a large pool of RNA, in vitro selection (or SELEX) could selectively amplify sequences that could tightly and specifically bind to small molecules. [41, 42] These 'aptamers' could bind a variety of ligands (including many that were later shown to be ligands for riboswitches, such as FMN) with high affinity and, in some cases, outstanding selectivity against structurally related compounds. [43] In addition to selecting for ligand binding, many groups were able to demonstrate that aptamers could be incorporated into allosteric switches that could regulate other processes, such as ligand-regulated RNA cleavage [44] -these studies nicely presaged the discovery of the glmS riboswitch that employs ligand-dependent RNA cleavage, albeit by a slightly different mechanism.
Perhaps the biggest hint of what was to come was provided by Werstuck and Green [45] , who, in an effort to control ligand-dependent gene expression in eukaryotes, selected aptamers that bound the Hoescht dyes H33258 and H33343 (Figure 1) . They subsequently cloned these aptamers into the 5′-UTR of a β-galactosidase reporter gene and demonstrated liganddependent repression of translation in Chinese hamster ovary (CHO) cells. Although the mechanisms of prokaryotic and eukaryotic gene expression differ considerably, this study established that all of the pieces of what would later become known as a riboswitch (aptamer, expression platform, gene) could function together in an intact cell. [45] Their work was followed by a number of studies that used different ligand/aptamer combinations to control eukaryotic gene expression. [3, [46] [47] [48] This work in eukaryotes not only set the stage for the discovery of natural riboswitches, it suggested the tantalizing possibility of using in vitro selection to create new aptamers that could control gene expression in response to nearly any small molecule.
Using Synthetic Riboswitches to Reprogram Bacteria
Given the prevalence of riboswitches in bacteria, it is perhaps surprising that there are relatively few examples of synthetic riboswitches in prokaryotes. The first bacterial synthetic riboswitch was reported by Suess and coworkers [49] , who incorporated the theophylline aptamer into a designed helix in the 5′-UTR of a reporter gene. The helix was designed to undergo a 1 nt shift upon ligand binding to reveal a ribosome binding site, which would enhance translation of the downstream gene. When this synthetic riboswitch was expressed in the Gram-positive bacterium B. subtilis, addition of theophylline caused a dose-dependent increase in gene expression. [49] Because the authors used the riboswitch to activate a repressor protein, the net effect was an 8.8-fold decrease in expression of a second protein that was under the control of the repressor. [49] Soon thereafter, Desai et al. reported a theophylline-sensitive synthetic riboswitch that activated gene expression in the Gram-negative bacterium E. coli. [50] Unlike the riboswitch described by Suess et al. [49] , their riboswitch was not designed to operate by any specific base-pairing mechanism. Rather, they reasoned that simply increasing the strength of the secondary structure near the ribosome binding site upon ligand binding might be sufficient to repress translation in a manner analogous to how increasing base-pairing near the RBS reduces gene expression. Surprisingly, the riboswitch did not repress translation upon the addition of ligand, it actually activated translation of several reporter genes, including βgalactosidase and the antibiotic resistance gene chloramphenicol acetyltransferase (cat). [50] By activating antibiotic resistance in a ligand-dependent fashion, the authors demonstrated that cell survival could be coupled to the presence of a non-metabolite. [50] The ability to use synthetic riboswitches to detect the production of small molecules opens the door to creating powerful genetic selections to guide directed evolution experiments.
While the riboswitches created by Desai et al. [50] were useful, they suffered from several drawbacks: they showed background expression in the absence of the ligand, the activation of expression was modest (~8-fold), and the mechanism of action was unclear. To address these issues, Lynch et al. [51] developed a high-throughput screen to identify riboswitches that display extremely low background expression in the absence of the ligand, and robust activation of gene expression (>35-fold) in its presence. Sequence analysis, covariant mutagenesis, in vivo kinetic assays, and in vivo RNA footprinting experiments also allowed the authors to determine the mechanisms of action of the new switches, and revealed that switching is kinetically controlled and likely occurs co-transcriptionally. This study also demonstrated that it is relatively straightforward to discover new synthetic riboswitches starting with a single aptamer and an efficient screen. [51] Efficient methods to rapidly convert aptamers into synthetic riboswitches should lower the barrier to creating designer genetic control elements for reprogramming bacteria.
In an example of using synthetic riboswitches to reprogram bacteria, Topp and Gallivan asked whether a riboswitch could induce bacteria to follow a new small molecule that was not normally a chemoattractant. [52] They reasoned that such cells could be engineered to seek and destroy pollutants in the environment, or to seek out disease sites and synthesize and release therapeutics. By using a theophylline-sensitive synthetic riboswitch to activate the translation of a key gene in the chemotaxis pathway, the authors showed that they could induce cell motility in a theophylline-dependent fashion. [52] The reprogrammed cells could precisely follow a theophylline-containing path (Figure 3 ), while avoiding a path containing caffeine, and could also respond to ligand gradients by migrating toward increasing theophylline concentrations. By using video-microscopy to track the motion of individual E. coli in liquid media, the authors demonstrated that this behavior was primarily dictated by the fraction of the cells that were motile at a given theophylline concentration. [52] This study demonstrated how a synthetic riboswitch could provide a complex phenotype that would be difficult to produce using protein engineering.
Conclusions
We are still at the earliest stages of reprogramming bacteria using synthetic riboswitches. From studies of natural and synthetic systems it is clear that riboswitches can control gene expression in response to a great variety of ligands using a number of different mechanisms. These mechanisms can operate either transcriptionally or post-transcriptionally, can activate or repress gene expression, can perform Boolean logic, and can respond in 'digital' or 'analog' fashions. The tremendous power of established in vitro selection techniques provides a means to discover new aptamers that can bind to nearly any molecule that is capable of interacting with an RNA. Both rational design and in vivo screening methods can convert new aptamers into riboswitches that function in cells.
Despite these advances, most synthetic riboswitches have thus far used just a handful of aptamers that had been previously selected for another purpose. While these early studies provide proof-of-principle results, in the coming years it will be important to demonstrate the generality of these methods. Specifically, this will require selecting aptamers that respond to new ligands and using these to create synthetic riboswitches that can reprogram cell behavior. Fortunately, each step in the process has been validated, suggesting that the time is right to begin reprogramming bacteria with small molecules and RNA. Examples of ligands for natural and synthetic riboswitches. Examples of riboswitch mechanisms of action. A. Binding of ligand induces a conformational change that blocks the ribosome binding site (RBS) and reduces translation. The inverse of this mechanism can also operate, where binding of ligand reveals the RBS to activate translation. B. Binding of ligand induces formation of an intrinsic transcriptional terminator, reducing gene expression. The inverse of this mechanism can activate gene expression. C. Binding of ligand induces RNA cleavage, reducing gene expression, presumably by destabilizing the mRNA. This mechanism operates in the glmS riboswitch. D. Two aptamers can be used in tandem to activate gene expression by disrupting a transcriptional terminator. In the case of the glycine riboswitch, ligand binding is cooperative, leading to a sharp increase in gene expression over a narrow concentration range. Reprogramming bacteria to follow a small molecule. A. In the absence of the cheZ gene, E. coli tumble in place and are non-motile. B. Activation of cheZ translation using a theophyllinesensitive synthetic riboswitch allows the cells to become motile. C. E. coli containing the synthetic riboswitch (green) are plated at the top of an S-shaped path containing theophylline on semi-solid agar. These cells migrate exclusively along the path. Cells lacking the synthetic riboswitch and the cheZ gene (red) are plated at the bottom of the path and are non-motile.
